Since Candida glabrata has emerged as one of the most common Candida pathogens, DNA probes have been developed which fulfil the requirements for effective fingerprinting. Using a screen for complex genomic fragments containing moderately repetitive sequences, seven DNA probes were cloned which generate complex Southern blot hybridization patterns with EcoRIdigested C. glabrata DNA. All of the probes are species-specific and the majority cross-hybridize to varying degrees. The capacity of two of the probes, Cg6 and Cg12, to measure genetic distance between independent isolates is verified by comparing clustering in dendrograms based on similarity coefficients computed between all pairs of 39 independent isolates fingerprinted with Cg6, Cgl2 and randomly amplified polymorphic DNA. The capacity of the probes Cg6 and Cgl2 to assess microevolution in clonal populations of infecting C. glabrata over time is also demonstrated. These probes can now be used in large computer-assisted epidemiological studies.
INTRODUCTION
Candida glabrata is one of the most common Candida species isolated from humans and one of the most common causes of nosocomial infections (Pfaller, 1996 ;  Beck- Sague, 1993; Hazen, 1995; Voss et al., 1996; Nguyen ct al., 1996) . In a recent study of carriage in the oral cavity of individuals over 65 years of age in Iowa City, IA, USA, C. glabrata was found to be the most common commensal after Candida al6icans, and when present, was found to colonize at densities higher, on average, than C. albicans (S. R. Lockhart and others, unpublished) . C. glabrata has also emerged in recent years as one of the major causes of vaginal candidiasis (Sobel, 1996; Spinillo et al., 1995) . To investigate the epidemiology of this pathogen, it is imperative that DNA fingerprinting methods be developed that can assess genetic distance between independent isolates in broad epidemiological studies, that can assess microevolution within clonal populations colonizing a particular anatomical locale over time, and that are readily amenable to computer-assisted analysis for generating large databases for retrospective studies.
Abbreviations: CHEF electrophoresis, contour-clamped homogeneous electric field electrophoresis; RAPD, randomly amplified polymorphic DNA.
Several DNA-based methods have been used to discriminate C. glabrata from other species, and they include randomly amplified polymorphic DNA (RAPD) (Lehmann et al., 1992) , PCR of 18s rDNA (Maiwald et al., 1994) , PCR of L l A l (Burgener-Kairuz et a[., 1994) , PCR of a chitin-synthase-specific fragment (Jordan, 1994) and Southern blot hybridization with a radiolabelled actin gene (Mason et al., 1987) . Several DNA methods have also been used to discriminate between isolates within this species, and they include restriction enzyme polymorphism (Vazquez et al., 1993) , oligonucleotide fingerprinting (Sullivan et al., 1993) , electrophoretic karyotyping (Asakura et al., 1991 ; Khattak et al., 1992; Kaufmann & Merz, 1989; Vazquez et al., 1993) and RAPD (Lehmann et al., 1992) . Although all of these methods are potentially effective in fingerprinting C . glabrata, none of them has been tested for their capacity to measure genetic distance between independent isolates, for their capacity to measure microevolution in clonal populations over time, or for their applicability to computer-assisted analysis and the genesis of a database. An effective fingerprinting strategy should fulfil a number of requirements (Soll, 1993; Joly et al., 1996; Pujol et al., 1997) . First, the capacity of a fingerprinting method to measure the genetic distance between unrelated, moderately related and highly related strains 
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within a species must be verified through comparison with a second, independent fingerprinting method (Lockhart et al., 1996; Joly et al., 1996; Pujol et al., 1997) . Second, the data for a particular isolate, usually in the form of a banding pattern, should be highly reproducible. Third, if the data provided by a method are in the form of banding patterns, the patterns should be of high enough contrast and the bands separated sufficiently for automatic computer-assisted analysis (Soll, 1993; Pujol et al., 1997) . Fourth, the banding pattern or data generated by the method should be complex enough for the computation of meaningful similarity coefficients between isolates, so that dendrograms can be generated based on these coefficients for large sample sizes. Fifth, a method should provide some measure of microevolution within a clonal population over a reasonable time frame (Scherer & Stevens, 1988; Schmid et al., 1993; Schroppel et al., 1994; Lockhart et al., 1995 Lockhart et al., , 1996 Joly et al., 1996) . To this end, we previously developed fingerprinting methods for C. albicans (Lockhart et al., 1996; Pujol et al., 1997) , Candida tropicalis (Joly et al., 1996) and Aspergillus fumigatus (Girardin et al., 1993) based on Southern blot hybridization with complex DNA probes which fulfilled these requirements. They involved, in each case, two alternative fingerprinting probes, each containing an unrelated, moderately repetitive DNA sequence for cross-verification purposes. Here, we have applied a similar strategy in the development of a fingerprinting system for C. glabrata. Seven species-specific DNA probes were cloned from a genomic library of C. glabrata. Each generated a complex pattern when used as a probe in Southern blots of endonuclease-digested genomic DNA of a variety of independent isolates. The probes cross-hybridized at high stringency to varying degrees, and hybridized to sequences distributed throughout the genome, but with some differences in chromosome location and/or intensity. The effectiveness of two of these probes in grouping related isolates and in analysing genetic distance was established by comparison with RAPD analysis, using a collection of 39 isolates of C. glabrata from unrelated hosts collected in continental Europe, Great Britain and the United States. The effectiveness of both probes in assessing microevolution was also tested in an analysis of five series of isolates from recurrent vaginitis patients.
Isolates. The 39 C. glabrata isolates from unrelated hosts used in this study are listed in Table 1 . Sequential isolates from recurrent infections in four vaginitis patients are described in Table 2 . Only one isolate of the dominant genotype of the isolates fingerprinted in each of these latter sets were entered into the collection in Table 1 . All isolates were stored at room temperature on YPD agar slants [l-5 YO (w/v) 
yeast extract] or at -80 "C in litmus-milk broth (100 g milk powder l-', 10 g Litmus QS 1-l).
For DNA extraction, a sample of a storage isolate was streaked on YPD agar and incubated for 2 d at 30°C. Fingerprinting probes were highly stable following limited subculturing or storage.
Isolation of moderately repetitive elements.
A 1 phage genomic library was created from C. glabrata isolate 7549 (Table 1) as described previously for the cloning of moderately repetitive elements from other fungi (Soll, 1996; Soll et al., 1987; Joly et al., 1996; Girardin et al., 1993; Scherer & Stevens, 1988) . Briefly, 100 pg C. glabrata genomic DNA was partially digested with Sau3A1, then size-fractionated in a glycerol gradient (Soll, 1996) . Genomic DNA in the size range of 9-15 kb was ligated to the arms of 1 EMBL3, digested with BamHI, and packaged using the Packagene kit as described by the manufacturer (Promega). The library was amplified in E. coli P2392 and plated at a density of 20000 plaques per 150 mm diameter Petri dish. Plaques were transferred in duplicate to nitrocellulose filters (Sambrook et al., 1989) .
To probe the library for fragments containing repetitive elements, C. glabrata genomic DNA was partially digested with Sau3AI and TaqI to give a mean size fragment of 500-1000 bp. The genomic DNA fragments were labelled with 32P by random priming (Sambrook et al., 1989) and used to probe one of the duplicate filters by the method of Church & Gilbert (1984) . By using a limiting amount of probe, repetitive elements gave stronger hybridization signals than unique elements and were picked for rescreening. The duplicate filter was hybridized with radiolabelled C. albicans rDNA (Srikantha et al., 1994) and compared with the filter hybridized with radiolabelled genomic DNA to eliminate plaques which contained ribosomal DNA inserts. All intensely hybridizing plaques which did not contain rDNA were rescreened by the same method and those that continued to show a strong signal were plaque-purified (Sambrook et al., 1989) and used as probes for Southern blots of EcoRI digested genomic DNA of two unrelated strains of C. glabrata as described below.
Southern blot hybridization and computer-assisted fingerprint analysis. Total genomic DNA from each C. glabrata isolate was prepared by the method of Scherer & Stevens (1987) . A total of 1.2 pg genomic DNA was digested with EcoRI and the resulting fragments electrophoresed for 15 h in a 1 (w/v) agarose gel for the initial analysis of probes or in a 0.65% agarose gel for generating DNA fingerprinting patterns for computer-assisted analysis. DNA was transferred to a Nitropure membrane (MSI), hybridized with randomly primed 32P labelled probe, and autoradiographed as previously described (Joly et al., 1996; Lockhart et al., 1996 , Schroppel et al., 1994 Hellstein et al., 1993 ; Soll et al., 1991 ; Schmid et al., 1990 Schmid et al., , 1993 . Southern blots were then stripped of the initial radiolabel probe by shaking for 15 min in 85 "C sterile water, rehybridized with a second probe and autoradiographed.
Autoradiographic images were digitized into the Dendron software package version 2.0 (Solltech, Iowa City, IA, USA) using a Scanjet I1 cx scanner (Hewlett-Packard) equipped with a transparency option. Each gel was processed for distortions, scanned and lanes and bands automatically identified. Similarity coefficients (S,,s) were computed for each pair of lanes Dendrograms based on S,, values were generated using the unweighted pair group method (Sneath & Sokal, 1973) . For the combined dendrogram, the stored band data for the two probes were combined using Dendron software and the composite band data set used to create the dendrogram. Setting a threshold for determining clusters in dendrograms is an arbitrary process. In past analyses, the mean S, , , has been used as a threshold for collections of independent isolates (e.g. Pujol ef a/., 1997; Joly eta/., 1996). More stringent SABs greater than 50% of the distance between the mean S,, and an S,, of 1.00 have been used to cluster highly related isolates (e.g. Lockhart et al., 1996) . Here we have used relatively stringent S,, thresholds to define clusters in all dendrograms but the one in which the results with the Cg6 and Cg12 probes are combined. For each dendrogram, the threshold value used is discussed in the figure legend. Karyotype analysis. Chromosomes were Separated by contour-clamped homogeneous electric field (CHEF) electrophoresis. To generate spheroplasts, C. glabrata was grown overnight at 37 "C, harvested, washed twice with sterile water and washed once with 1 M sorbitol. T h e final cell pellet was resuspended in a solution containing 1 M sorbitol, 25 mM EDTA and 50 mM DTT, and incubated a t room temperature for 20 min. Cells were then pelleted and resuspended at a concentration of 1 x loQ cells ml-' in a solution containing 1 M sorbitol, 0.1 M sodium citrate, p H 5.8, 10 mM EDTA and 0 4 mg Zymolyase l00T ml-' (Seikagaku America) at 37 "C.
Spheroplast formation was monitored at 600 x magnification.
Over 80 YO spheroplast formation was obtained after approximately 2 h incubation. Agarose plugs containing spheroplasts were generated by first dissolving 1 g agarose (Low Melt Preparative grade; Bio-Rad) in a prewarmcd solution containing 10 m M Tris/HCl, p H 8.0, and 0-1 M EDTA. The solution was cooled to 50 ' C and mixed 1:l with the spheroplast suspension. This mixture was poured into plug moulds for the CHEF Mapper (Bio-Rad). The plugs were incubated in a solution containing 05 M EDTA, 1 % v/v Sarkosyl and 5 mg Proteinase K ml-' for 72 h at 37 "C, then washed five times with a solution containing 10 mM Tris/ HCl, p H 7.6, and 1 mM EDTA, and stored at 4 "C in the latter solution. The plugs were inserted in the CHEF Mapper and electrophoresed through a 1 "/ o (w/v) agarose gel in a solution containing 22.5 m M Tris/HCl, 225 m M boric acid and 1 m M EDTA, p H 8.3. Electrophoresis was conducted with a twostep pulse time of 2 min a t 4 5 V cm-' for 20 h, followed by a two-step pulse time of 3 min for an additional 20 h (Khattak et al., 1992) . Following electrophoresis, the gel was stained with ethidium bromide, photographed and Southern blotted with a particular DNA probe (Sambrook et ul., 1989) .
RAPD analysis.
A 500 p1 suspension of cells (5 x loQ cells m1-I) was mixed with a n equal volume of glass beads (045 mm diameter) and disrupted in a bead beater (Biospec Products). SDS was added to a final concentration of 2% (w/v) and the DNA purified by phenol/chloroform extraction. After precipitation in ethanol, the DNA was resuspended in Tris/ EDTA buffer (pH 8.0). PCR were performed in 05 ml microcentrifuge tubes containing 25 p1 of the following reaction mixture: 1 ng C. glabrata DNA, 2 5 p1 l o x buffer provided by the manufacturer for Taq DNA polymerase, 
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and 0-4 pM of one of the primers listed below. The reaction mixture was overlaid with one drop of mineral oil, and amplification was performed in a thermal cycler (Lab-Line) programmed for 45 cycles of 1 rnin at 94 O C , 2 rnin at 36 "C, and 2 min at 73 "C. Amplification products were separated by electrophoresis in a 1.3% (w/v) 
RESULTS

Cloning moderately repetitive elements
A genomic library of C. gla6rata isolate 7549 was plated on six dishes, generating approximately 20000 plaques per dish. The library on each plate was then transferred to duplicate nitrocellulose filters and hybridized either with radiolabelled total genomic DNA from C. gfabrata or with radiolabelled ribosomal DNA from C.
albicans. Highly repetitive elements gave a stronger hybridization signal than single locus elements under the conditions employed (Scherer 8r Stevens, 1988 ; Sadhu et at., 1991; Girardin et al., 1993; Joly et al., 1996; Soll, 1996) and, therefore, were readily identified. Out of approximately 120000 plaques screened, 19 gave strong hybridization signals with genomic DNA, but not with ribosomal DNA. Upon further screening of the 19 selected plaques, 10 continued to give a strong signal. The ten were plaque-purified, and DNA was prepared from each and used to probe Southern blots of EcoRIdigested genomic DNA of two unrelated strains of C.
glabrata. Seven of the ten cloned probes generated Southern blot hybridization patterns in 0.8 % (w/v) agarose gels with both test strains which were relatively complex ( i x . contained more than four bands) and which differed between the two strains by enough bands to compute potentialIy meaningful similarity coefficients {Fig. 1). Each probe generated patterns containing bands that were common to both test strains and bands unique to one or the other test strain. The patterns generated by the sevcn different clones for either test strain also exhibited similarities, suggesting that the seven clones may contain one or more common sequences. The approximate molecular masses (in kb) of the seven cIones were as follows: Cg6, 14.8; Cg7, 12.5; Cg9, 15.2; Cgll, 14.3; Cgl2, 90; Cgl.5, 103; Cg19, 9.0.
To test further the relatedness of the seven probes, the cloned DNA in each recombinant phage was digested with SafI and EcoRI, electrophoresed in a 1*O% (w/v) agarose gel for 4 h and the resulting Southern blot probed consecutively with each of the seven radio- all seven clones gave a unique restriction digest profile (data not shown), suggesting that they originated horn different genomic sites and/or represented partial overlaps of the same site. When this Southern blot was consecutively probed with the seven different probes, there was cross-hybridization to varying degrees (data not shown) -Under the stringent conditions employed, Cg12 did not seem to cross-hybridize with the other six probes, even though its hybridization pattern in Fig. 1 indicates that it is most likely related to the other probes.
Each probe identifies sequences dispersed throughout the majority of chromosomes
To examine the distribution of probe sequences in the genome, the chromosomes of two unrelated isolates of C. glabrata, strain a (7549, which was used to generate the original C. glabrata library), and strain b (J942007, from Belgium), were separated by CHEF and Southern blots were hybridized with each of the probes. The chromosomes of both isolates separated into 11 distinguishable bands in ethiduim-bromide-stained gels ; however, there were several differences in band sizes (Fig. 2a) . This is comparable to the number of chromosomes distinguished by Kaufmann & Merz (1989) and Khattak et al. (1992) . The seven probes exhibited minor variations in their hybridization patterns to the chromosomes of either test strain (Fig. 2b) . All probes hybridized to chromosomes 2,5,7,8,9,10 and 11 of strain a and to chromosomes 2, 5, 6, 7, 9, 10 and 11 of strain b. All probes but Cg6 hybridized to chromosome 6 of strain a. There were also major differences in the intensity of hybridization between probes for specific chromosomes. However, the most striking aspect of the hybridization patterns was the general similarity for all seven probes. This similarity suggests that each probe shares at least one common sequence. The Southern blot was sequentially hybridized with the representative probes Cg6 (Fig. 3a) , Cgll (Fig. 3b) and Cg12 (Fig. 3c) . Each probe hybridized exclusively to C . glabrata DNA. No hybridization signal was detected with any of the other ten species. In addition, a
Southern blot of EcoRI-digested DNA of Candida (Torulopsis) castelii, a species with a sugar assimilation profile very similar to C . glabrata (Meyer et al., 1984) ,
showed no hybridization to any of the three probes (data not shown).
Cg6 and Cg12 each effectively discriminates unrelated isolates
T o test whether the cloned probes were effective in discriminating between unrelated isolates, DNA from 39 C. glabrata isolates collected from presumably unrelated hosts in three continental European countries, Great Britain, and three cities in the United States (Table   1) were digested with EcoRI, electrophoresed in 0-65 70 (w/v) agarose gels, and the resulting Southern blots consecutively hybridized with the radiolabelled probes Cg6 and Cg12 (Fig. 4 ). Cg6 and Cg12 were selected as representative probes because the Southern blot hybridization patterns they generated were the most diverse in the initial screen and contained at least one invariant band, making them more amenable to computer analysis. The two probes also exhibited the least amount of cross-hybridization. In Fig. 4 terns with both probes, but since both were isolated from HIV-positive patients in the same hospital at the same time, there was a higher probability that they were epidemiologically related and, in fact, represented the same strain. The discriminatory power of both Cg6 and Cg12 based on the 15 isolates (excluding 5932288) in Fig.  4 was lOO%, and based on the 39 isolate collection in Table 1 was 100%. Each probe also gave identical hybridization patterns for the same strain on the same gel or on different gels. This is evident for the patterns of the marker strain 7549 run in the first and last lane of the gel in Fig. 4 (Soll, 1993 (Soll, , 1996 .
Cg6 and Cg12 group independently collected isolates in a similar fashion
To test whether the isolated probes group independently collected isolates in a similar fashion (i.e. provide similar measures of genetic distance for the same epidemiologically unrelated isolates), similarity coefficients based on band positions alone were computed between all pairs of the 39 test isolates fingerprinted with the representative probes Cg6 and Cg12. The SAB values were then used to generate dendrograms for the Cg6 and the Cg12 patterns (Fig. 5) . If the two probes measure genetic distance in a similar fashion, then the clustering of independent isolates in the individual dendrograms will be similar.
The mean S, , for the 39 isolates fingerprinted with Cg6 was 0.40+_0*14 and that for Cg12 was 0-47&0.11. The similar mean S, , S and the low standard deviations (35 and 23% of the mean, respectively) suggest that both probes have similar discriminatory capabilities and both have evaluated the test population as reasonably unrelated. T o assess whether the two probes clustered the 39 test isolates in a similar fashion, thresholds of 0.67 and 0.68 were respectively used to define clusters in the Cg6 and Cg12 dendrograms (Fig. 5) . In the Cg6 dendrogram, six clusters (a-f) were resolved. Clusters a, d and e included only two members each. However, clusters c and f included four and seven members, respectively. In the case of cluster c, all four isolates were from the same geographical locale (Richmond, VA, USA), and in the case of cluster f, all were from the same geographical locale (continental Europe). In the Cg12 dendrogram, five clusters (g-1) were resolved. Clusters g, j, k and 1 included only two members each. All four represented pairs of isolates from the same geographical locale. Cluster i represented the largest Cg12 cluster, and included the same four Virginia isolates in cluster c of the Cg6 dendogram plus two additional Virginia isolates (Fig. 5b) . By generating a weak cluster (i.e. at a lower SAB than the ascribed 0.68 threshold), five continental Europe isolates formed cluster m in the Cg12 dendrogram. Four of these five also grouped in the f cluster of the Cg6 dendrogram. These results demonstrate that Cg6 and Cg12 tend to cluster independent isolates in a similar but not in an identical fashion, and in addition, there is some degree of geographic specificity for the clustering.
Verification of Cg6 and Cg12 fingerprinting by RAPD analysis
A key method for verifying that a fingerprinting system assesses genetic distance is to demonstrate that it generally clusters weakly related isolates in a fashion similar to that of an unrelated fingerprinting system (Soll, 1996; Lockhart et al., 1996; Joly et al., 1996; Pujol et al., 1997) . Although we have demonstrated that Cg6 and Cg12 cluster independent isolates in a similar fashion, the use of the two probes for cross-verification may not be justified since, as noted, there are indications that they may share common repetitive elements. We, therefore, tested the efficacy of each by comparison with an RAPD analysis performed on the same collection of 39 independent isolates. Of the 30 primers tested, nine were selected which generated variable patterns. All amplifications were repeated twice to assure reproducibility. In the comparative analysis, only the major bands in the RAPD gels were used, since, as in past S. R. LOCKHART a n d OTHERS studies (Pujol et al., 1997) , minor bands were less reproducible. Examples of the patterns for two primers, OPA-18 and OPE-18, are presented in Fig. 6 . Each of the eight selected primers provided one or more variable bands for the same collection of test isolates analysed with Cg6 and Cg12. Band positions in the RAPD patterns were manually entered into data files of the Dendron software package. A dendrogram was then generated based on the computed S, , values (Fig. 7) . The mean S,, for the collection of test isolates was 0.66, far higher than the mean S, , s for Cg6 and Cg12. At a threshold of 0.87, RAPDs separated the isolates into eight clusters (n-v). The large number of strains grouped in clusters of two or more with S, , s of 1.0 demonstrated that this RAPD method provided less resolution than either Cg6 or Cg12 in distinguishing between independent isolates. Cluster v contained six isolates exclusively from continental Europe (Fig. 7) . If the threshold for clustering in the RAPD dendrograrn was relaxed to 0.76, the u and v clusters combined into the x cluster containing eight isolates, from central Europe. All seven of the isolates in cluster f of the Cg6 dendrograrn (Fig.   5a ) were grouped in cluster x of the RAPD dendrogram (Fig. 7) . The RAPD dendrogram also grouped in cluster w (generated at a relaxed threshold) the same four isolates which were grouped in cluster c of the Cg6 dendrogram (Fig. Sa) and four of the six isolates grouped in cluster i of the Cg12 dendrogram (Fig. 5b) . Several additional similarities were evident in the clustering of isolates by RAPD, Cg6 and Cg12 when the threshold for clustering was relaxed in all three dendrograms. The comparable clustering of isolates in the test collection by RAPD, Cg6 and Cg12 cross-verifies the effectiveness of all in assessing the relatedness of independently isolated strains of C. glabrata, but shows superior resolution for Southern blot hybridization with the two probes.
Mixing the information from Cg6 and Cgl2 fingerprinting strengthens resolving power
The capacity to assess differences between independent isolates is stronger for Cg6 and Cg12 fingerprinting than RAPD since the patterns generated by the two probes include bands representing mid-repeat sequences, which are usually more reorganizational than unique sequences. The majority of bands generated in the RAPD analysis more likely represent unique sequences in the genome, and variations between isolates, in this case, would be allelic. The effectiveness of a fingerprinting method depends, in part, on the complexity of the pattern generated for each strain and, more importantly, on the number of variable bands. The information from the separate banding patterns in the Cg6 and the Cg12 patterns of each strain was, therefore, combined using the Dendron program, and a dendrogram based on the combined information was generated (Fig. 8) . If a cluster threshold was set at an S,, of 0.49, the combined data in Cg6 and Cg12 generated a dendrogram in which eight of the nine isolates in the Richmond collection formed the single cluster c', which was penetrated by no other isolate in the collection. Cg12 alone clustered seven of this group of nine at a slightly reduced threshold, in Fig, 7 . Dendrogram of 39 independent isolates of C. glabrata (Table 1 ) generated on the SABS computed from the combined data of RAPDs performed with the eight indicated primers. The main clusters (n-v) indicated by solid lines to the right of the dendrogram were based on an arbitrary SAB threshold of 0.86.
This stringency threshold was 40% of the distance from the mean SAB to an SAB of 1.00. Weaker clusters (w and x) are demarcated by dashed lines. cluster i (Fig. Sa) , and Cg6 alone clustered only four, in cluster c (Fig. Sb) . Combining the data also grouped the majority of the 15 isolates from continental Europe into two major clusters, the e' cluster, which exclusively contained five of the isolates, and the f' cluster, which exclusively contained seven (Fig. 8) . Only three continental Europe isolates did not fall in the two exclusive clusters. Cg6 grouped only seven of the 15 continental Europe isolates into the major cluster f (Fig. Sa) , and only if the threshold for clustering was relaxed; Cg12 grouped only five into cluster m (Fig. Sb) , but only when the threshold was reduced; and the RAPD analysis grouped only six into the major cluster v (Fig. 7) . These results demonstrate that by combining the data from Cg6 and Cg12 fingerprinting, the capacity to cluster unrelated isolates from the same geographical locale increases beyond that obtained with a single fingerprinting probe or with the RAPD method applied here.
Geographical specificity demonstrated in combined Cg6 and Cg12 dendrograms
The combined Cg6-Cg12 dendrogram indicated strong geographical localization of strains. As noted, all but one of the nine isolates from Richmond grouped into the single cluster c' (Fig. 8) . This cluster was deemed tight since no other strain in the analysis penetrated it. In addition, all but three of the 15 isolates collected from continental Europe, which included strains from a variety of anatomical locations, grouped into two recurrent episode (Table 2 ), but at 13 months, an isolate was collected with the same pattern as the isolate at 10 months (Fig. 9a, Table 2 ). At 13.5 months, C. albicans was again collected, and at 14 months, an isolate of C. glabrata was again collected with the same pattern as the isolate at 10 months. At 145 months, a major change in the pattern occurred, which included the loss of a band slightly larger than 4-0 kb and an increase in the intensity of a band at approximately 4.3 kb (Fig. 9a , Table 2 ). A t 16 months, an isolate was obtained with the pattern observed in the isolates at O months, and at 18 and 22 months isolates were obtained with the pattern observed in the isolate obtained at 10 months. At 23 months there was a change in the pattern which included an increase in the intensity of the 4-3 kb band, loss of the band just larger than 4.1 kb and an increase in the size of a high-molecular-mass band. At 23.5 months, the pattern returned to that of the 14.5 month isolate, and remained stable in isolates obtained between 28 and 38 months (Fig. 9a , Table 2 ). At 43 months, a single band difference occurred and at 47 months, the pattern returned to that observed in the isolate at 10 months (Table 2) . Therefore, sequential isolates from patient RA did not exhibit a smooth progressive change in the Cg6 pattern. Rather, there appeared to be substrain shuffling, which has previously been observed in sequential isolates of C. albicans from recurrent vaginitis patients (Lockhart et al., 1996) . However, rough progression is evident in the absence of the 1 and 2 pattern in the last 14 months of sequential isolates (Table 2) . Roughly the same results were obtained when the sequential isolates from patient RA were fingerprinted with Cg12. There was both substrain shuffling and progression (Table 2 , Fig. 9b ). In addition, although there wasn't a firm correlation between the changes in Cg6 and Cg12 patterns over time, there was similar rough progression, suggesting that the Cg6 and Cg12 patterns undergo independent microevolution in parallel in clonal populations at sites of infection.
In an analysis of sequential isolates from recurrence patient LA, species replacement,and strain replacement and substrain shuffling were observed ( Table 2 ). The first LA isolate was S. cerevisiae, and the second, at 1 month, was C. glabrata. LA isolates at 4, 13, 21 and 22 months were again S. cerevisiae. The LA isolate at 23 months was again C. glabrata, but this isolate exhibited a Cg6 and Cg12 pattern distinctly different from that of the C. glabrata isolate collected at 1 month. The second C. glabrata strain was maintained between months 23 and 50 of the collection, with a transient, minor change in both the Cg6 and the Cg12 patterns at 39 months (Table 2) . In an analysis of sequential isolates from a third recurrence patient PB, progressive microevolution was observed in both the Cg6 and Cg12 patterns over time (Table 2) . Finally, in an analysis of a fourth recurrence patient LP over a 3 month period, no change in pattern was observed (Table 2) . To demonstrate that sequential isolates of C. glabrata from recurrence patients (excluding isolate a in the LA collection) were primarily clonal in origin, and to demonstrate the capacity of the two probes to cluster clonal collections, a dendrogram was generated based on the S,,S of Cg6 and another based on the S,,s of Cg12 patterns computed for all pairs in the combined collection of unrelated isolates in Table 1 plus recurrence  isolates in Table 2 . The entire set of RA isolates formed a highly related cluster, with the lowest connecting S,, at 0.93 in both the Cg6 and Cg12 dendrograms (data not shown). N o isolates from the other sequential collections or from the collection of 39 unrelated isolates grouped in the RA cluster in either the Cg6 or Cg12 dendrograms (data not shown). The entire set of PB isolates, the entire set of LP isolates and all but the first isolate in the LA collection also formed tight clusters in which absolutly no unrelated isolates co-grouped (data not shown). Together, the results obtained with the four sets of recurrence isolates demonstrate first that both Cg6 and Cg12 are excellent discriminators of relatedness between highly related isolates, and that both are sensitive indicators of microevolution within clonal populations of C. glabrata.
DISCUSSION
Although several alternative methods exist for fingerprinting the infectious fungi, Southern blot hybridization with complex DNA probes has proven to be one of the most effective since it fulfils many of the requirements for performing computer-assisted broad epidemiological studies. Such probes have previously been developed for C. albicans (Sol1 et al., 1987; Scherer & Stevens, 1988; Sadhu et al., 1991) , C. tropicalis (Joly et al., 1996) and A. fumigatus (Girardin et al., 1993) , and in each of these cases, the effectiveness of the probes has been verified. Here, we have cloned and characterized potential DNA fingerprinting probes for the opportunistic yeast pathogen C. glabrata.
Origin and relatedness of the seven probes
Using a screen for genomic fragments that contain moderately repetitive sequences, seven probes were cloned which generated complex Southern blot hybridization patterns. The probes ranged between 9 and 15 kb, and generated nonidentical hybridization patterns for the same test strain. Although nonidentical, the patterns generated by the individual probes shared striking similarities, suggesting that they contained common sequences. The probes cross-hybridized to varying degrees, but cross-hybridization accounted for a minority of the sequences in each probe. Cg12 exhibited the lowest level of cross-hybridization with the other six probes. These results suggest that the majority of probes share one or more common sequences, but contain predominantly unrelated sequences. Since the seven probes were cloned from a genomic library containing fragments from a partial Sau3AI digest, some may represent partially overlapping sequences. Alternatively, some may represent different genomic sequences containing common repetitive elements. The seven probes exhibit similar but nonidentical patterns of hybridization to the eleven chromosomes of C. glabrata
On: Tue, 05 Feb 2019 21:38:51 S. R. LOCKHART a n d OTHERS separated by CHEF. In reference strain 7549, no probe hybridized to chromosomes 1 and 4. All probes hybridized to chromosomes 2, 5, 7, 8, 9, 10 and 11 of strain 7549 and to chromosomes 2,5,6,7,9,10 and 11 of strain 5942007. However, hybridization intensities varied dramatically between the seven probes for select chromosomes. In addition, only Cg6 did not hybridize to chromosome 6 of strain 7549, and only Cg7 and Cg12 hybridized to chromosome 3 of strain 5942007. The most similar chromosome hybridization patterns were obtained with C g l l , Cgl5 and Cg19 even though their restriction maps contained no common bands. These results support the conclusion that several of the probes originate from different genomic sites, but contain common sequences. Restriction mapping and selective sequencing of fragments from different probes will more definitively define the relationships of the seven probes.
Verifying the effectiveness of the probes
Probes Cg6, C g l l and Cg12 were demonstrated to be species-specific. Each of the seven probes generated a complex pattern, with significant variability between unrelated isolates. The patterns were complex enough to compute meaningful similarity coefficients across a wide range of values. Both Cg6 and Cg12 differentiated all 39 unrelated isolates in the test collection, yet both identified sequential isolates from the same vaginitis patients as identical or highly related. Most importantly, both clustered isolates in the unrelated test collection in a similar but not identical fashion, suggesting that both probes were effective in assessing genetic distance between weakly related isolates. In previous characterizations of probes, we used two unrelated probes as well as other fingerprinting methods, including RAPD and multilocus enzyme electrophoresis, to cross-verify the capacity of probes to assess genetic distance (Lockhart et al., 1996; Girardin et al., 1993; Joly et al., 1996; Pujol et al., 1997) . Such verification is based upon the premise that the molecular sequences upon which two unrelated fingerprinting methods are based will evolve independently. Therefore, if two methods effectively assess genetic distance, they should cluster weakly related isolates in a relatively similar but not identical fashion.
Since there were indications that all seven cloned C. glabrata probes contained common repeat sequences, the use of two of these probes for cross-verification could be misleading. We, therefore, used the RAPD method to verify the capacity of Cg6 and Cg12 to assess genetic distance. Fifteen of the 39 isolates were grouped into comparable clusters by Cg6 and RAPD, and other additional similarities in clustering served to verify the effectiveness of both Cg6 and Cg12 in measuring the relatedness of independent isolates from different hosts. The information obtained from the RAPD patterns generated by nine primers was not as effective as either of the probes in discriminating between independent isolates. The RAPD analysis grouped more than half of the isolates with one or more other isolate at an S, , of 1.0. Neither Cg6 nor Cg12 grouped any of the 39 independent isolates at an S,, of 1-0.
Combining fingerprinting information to increase resolution
The capacity to discriminate between highly related isolates as well as the capacity to group weakly related isolates depends upon the information provided by a fingerprinting system. In the latter case, the resolving power for clustering increases as the complexity of information increases. We tested this prediction by combining the information obtained with the Cg6 and Cg12 probes. The combined information was more effective in generating geographically homogeneous clusters. Combining the information from different fingerprinting methods is readily performed when the information has been entered into a computer system in a compatible format, and should be considered in future fingerprinting studies.
Geographical localization of strains
There is growing evidence that strains of C. albicans can be geographically localized not only between continents (Clemons et al., 1997) , but also between cities within a continent (Schmid et al., 1992; Lockhart et al., 1996; M. A. Pfaller and others, unpublished) . In the collection of 39 independent C. glabrata isolates analysed here, fifteen were collected in continental Europe (Belgium, Netherlands, Germany), four in Great Britain, two in Iowa City, nine in Richmond, and nine in Detroit. In the combined Cg6-Cg12 dendrogram (Fig. 8) , there was distinct clustering of the continental Europe isolates and of the Richmond isolates. In both of these cases, the collections were acquired in extremely short time windows of approximately 2 months. In contrast, the Detroit collection was obtained over a far longer time periods, which may explain their increased diversity. All nine Detroit isolates grouped into four clusters. No Richmond isolates co-clustered with a continental Europe isolate, and only three of the fifteen continental Europe isolates co-clustered with US isolates. These results demonstrate strong geographical localization of C. glabrata strains both between continents and between cities within a continent, just as in the case of C. albicans.
Maintenance of strains, microevolution and su bstrain shuffling during recurrent vaginitis
Clonal populations of C. albicans grown over many generations in vitro or which colonize a particular anatomical site undergo microevolution over time, and this has been monitored by Southern blot hybridization with the Ca3 probe (Scherer & Stevens, 1988; Schmid et al., 1990 Schmid et al., ,1993 Lockhart et al., 1995 Lockhart et al., ,1996 Schroppel et al., 1994) , by Southern blot hybridization with the CARE2 probe (Lockhart et al., 1996) and by RAPD or multilocus enzyme electrophoresis (Pujol et al., 1997) .
Southern blot hybridization with DNA fingerprinting probes has also demonstrated microevolution in clonal populations of C. tropicalis (Joly et al., 1996) and Cryptococcus neoformans (Sullivan et a/., 1996 
Concluding remarks
We have cloned and characterized DNA fragments from C. glabrata that fulfil all of the requirements for effective DNA fingerprinting probes. Each probe is speciesspecific and complex, and includes sequences which group weakly related isolates, and sequences which discriminate between highly related isolates (microevolution). The probes also contain invariant sequences which facilitate normalization in computer-assisted analysis. The capacity of two probes, Cg6 and Cg12, to group weakly related isolates has been verified by RAPD analysis, and the enhanced effectiveness of combining the information generated by the two probes has been demonstrated. These probes can now be used in large, computer-assisted epidemiological studies of this rapidly emerging pathogenic yeast.
